Neurons in the lateral geniculate nucleus (LGN) not only provide feedforward input to primary visual cortex (V1), but also receive robust feedback from the cortex. Accordingly, visual processing in the LGN is continuously influenced by previous patterns of activity. This study examines the temporal properties of feedforward and feedback pathways between the LGN and V1 in the macaque monkey to provide a lower bound on how quickly the cortex can influence the LGN. In so doing, we identified a subclass of corticogeniculate neurons that receives direct, suprathreshold input from the LGN that is similar in latency to that directed to other recipient neurons (4.2 Ϯ 0.4 vs 4.0 Ϯ 0.2 ms). These neurons also provide feedback to the LGN that is significantly shorter in latency than that supplied by corticogeniculate neurons lacking LGN input (5.1 Ϯ 1.3 vs 11.1 Ϯ 2.3 ms, respectively). Across our sample of corticogeniculate neurons, the shortest combined visual response latency and feedback latency was 37 ms (mean, 52.5 Ϯ 3.8 ms), indicating that visual signals can rapidly travel from the periphery to the cortex and back to the LGN.
Introduction
A reciprocal arrangement of feedforward and feedback projections interconnects the thalamus and cerebral cortex. In the visual system, the feedforward pathway from the lateral geniculate nucleus (LGN) provides the primary visual cortex (V1) with visual information coming from the retina. Feedback projections from V1 then complete the loop, because axons from corticogeniculate neurons project directly back to the LGN. Such architecture allows each pathway to dynamically influence the other. To develop realistic models of the nature of this influence, it is important to know how fast activity can propagate in the feedforward and feedback directions, as well as the shortest circuit required for linking the feedforward and feedback pathways. This study provides the first account of how quickly signals can traverse the geniculo-corticogeniculate loop in the primate.
In the primate, magnocellular and parvocellular LGN neurons give rise to axons that terminate most densely in layer 4C of the V1 and less densely in layer 6 (Hubel and Wiesel, 1972; Hendrickson et al., 1978; Blasdel and Lund, 1983) . Corticogeniculate feedback arises exclusively from neurons with cell bodies in layer 6 Hendrickson et al., 1978; Fitzpatrick et al., 1994) . Because many layer 6 neurons have apical dendrites that branch within layer 4C and basal dendrites that branch within layer 6, they have the opportunity to receive direct LGN input both within layer 4C and layer 6 (Lund and Boothe, 1975; Wiser and Callaway, 1996) . However, because corticogeniculate neurons comprise only a small fraction of layer 6 neurons in the primate (14%) (Fitzpatrick et al., 1994) , it is not clear that they actually receive direct LGN input or that LGN input, if present, can drive responses. In the cat, where LGN input to layer 6 may differ in density compared with the primate, physiological studies report that all layer 6 neurons, including corticogeniculate neurons, receive subthreshold geniculocortical input that rarely drives suprathreshold spikes (Ferster and Lindstrom, 1983) . In the macaque monkey, ϳ50% of layer 6 neurons receive suprathreshold input from the LGN (Bullier and Henry, 1980) ; whether or not corticogeniculate neurons are included among these neurons remains to be determined.
To examine the temporal properties of feedforward and feedback transmission between the LGN and V1 as well as the prevalence of LGN input onto corticogeniculate neurons, we recorded single-unit activity in V1 of anesthetized and alert macaque monkeys while evoking orthodromic and antidromic spikes with electrical stimulation in the LGN. Our results reveal a distinct subclass of corticogeniculate neurons that receive direct, fast suprathreshold geniculocortical input. These corticogeniculate neurons also give rise to feedback that is significantly faster than that supplied by the rest of the corticogeniculate population. These results demonstrate that visual signals can propagate rapidly from the periphery to the cortex and back to the LGN.
Materials and Methods
Eight adult male macaque monkeys (Macacca mulatta) were used in this study. Seven animals were used for anesthetized recordings and one for alert recordings. All procedures conformed to National Institutes of Health guidelines and were approved by the Animal Care and Use Committee at the University of California, Davis.
Surgical procedures. Animals for anesthetized recordings were initially anesthetized with ketamine (10 mg/kg, i.m.) and maintained with sufentanil citrate (3-6 g/kg/h, i.v.), isoflurane (0.5%), and nitrous oxide (1:2, in oxygen). Temperature, expired CO 2 , electrocardiogram (ECG), electroencephalogram (EEG), heart rate, and arterial oxygen saturation were monitored continuously. Proper anesthetic depth was assessed by monitoring the EEG for changes in slow-wave/spindle activity and the ECG and expired CO 2 . If changes in any of these measures indicated a decreased level of anesthesia, additional sufentanil was given and the rate of infusion increased. Craniotomies were made over the LGN and V1 and the dura was reflected. The eyes were fitted with contact lenses and focused on a tangent screen located 172 cm in front of the animal. Once all surgical procedures were complete, animals were paralyzed with vencuronium bromide (0.2 mg/kg/h, i.v.).
Under full surgical anesthesia, the animal used for alert recordings was equipped with a scleral eye coil and a cranial implant containing a head restraint post and two recording cylinders, one over the LGN and one over V1.
Neuronal recordings, electrical stimulation, and visual stimuli. Singleunit responses from V1 of alert and anesthetized animals were recorded to a PC with a Power 1401 acquisition system and Spike2 software (Cambridge Electronic Design, Cambridge, UK). While recording from a V1 neuron, geniculocortical and corticogeniculate axons were stimulated electrically via one or two platinum/iridium electrodes implanted in the LGN. Stimulating electrodes(s) were positioned in retinotopic register with the cortical electrodes and the 500 m exposed tips spanned multiple layers. Stimulating electrodes were connected to an AM Systems (Carlsborg, WA) isolated pulse stimulator that delivered a brief, biphasic shock (0.2 ms; ϳ10 V) in one of two modes: a noncollision mode where shocks were delivered at regular intervals (every 5 s), or a collision mode where shocks were triggered to occur within 1 ms of a spontaneous spike from the cortical neuron.
Visual stimuli were generated with a VSG2/5 system (Cambridge Research Systems, Rochester, UK) and presented on a Sony (Tokyo, Japan) monitor with a refresh rate of 140 Hz and a mean luminance of 38 cd/m 2 . For recordings from the alert animal, stimuli were presented while the animal maintained fixation for fluid reward. Trials were aborted if eye position deviated by Ͼ0.35°. Drifting sinusoidal gratings of optimal orientation, spatial frequency, and 70% contrast were used to characterize neurons according to the ratio of the fundamental harmonic (f1) to mean response (Skottun et al., 1991) . For neurons with ratios Ͻ1.0 (and Ͼ1000 recorded spikes), visual response latency was determined from responses to the drifting sinusoidal stimulus.
Histology. In anesthetized animals, electrolytic lesions (4 A; 4 s) were made to reconstruct the locations of recording sites. At the end of experiments, animals were killed with an overdose of sodium pentobarbital (80 mg/kg) and perfused with 4% paraformaldehyde. Tissue was sectioned on a freezing microtome and stained with thionin.
Results
We recorded single-unit responses in V1 of anesthetized and alert macaque monkeys while electrically stimulating the LGN to determine how quickly information can travel in the reciprocal pathways that interconnect the two structures. In particular, we were interested in determining (1) the time course of spike propagation in the geniculocortical and corticogeniculate pathways, (2) whether geniculocortical input can directly drive suprathreshold responses from corticogeniculate neurons, and (3) the time course of visual responses among corticogeniculate neurons. Geniculocortical recipient (GR) neurons and corticogeniculate (CG) neurons were identified both by the location of neuronal recordings (Fig. 1 B) and by the responses evoked after brief electrical shocks in the LGN (Figs. 1 A, 2) .
Once a cortical neuron was identified that reliably produced a spike at a fixed latency after an electrical shock, a collision test was performed to determine whether the neuron was a GR neuron and/or a CG neuron. Figure 2 shows the responses of three representative cortical neurons. Although all three neurons reliably followed the electrical shock in the noncollision trials (blue traces), the neurons displayed different response patterns in the collision trials (red traces). In a collision trial, a spontaneous spike from the recorded cortical neuron triggers the electrical shock. If the neuron is a GR neuron that receives feedforward input from the LGN, then the spontaneous spike will not affect the propagation of the orthodromic spike and the neuron will produce a spike at the fixed latency, as in Figure 2 A. However, if the neuron is a CG neuron that provides feedback to the LGN, then the spontaneous spike traveling toward the LGN will collide with the electrically evoked antidromic spike and the antidromic spike will not reach the cortex, as in Figure 2 B. Finally, if the neuron is both a GR and a CG neuron (a GRCG neuron), then the neuron will produce two spikes during a noncollision trial (one orthodromic, the other antidromic), but just one spike (orthodromic) during a collision trial, as in Figure 2C .
In total, we recorded from 77 V1 neurons that reliably followed electrical stimulation in the LGN. Recordings were made from both alert and anesthetized animals to compare the activation latencies of neurons in the two preparations. Accordingly, 41 neurons were recorded from in the alert animal (25 GR, 11 CG, and 5 GRCG neurons) and 36 neurons were recorded from in anesthetized animals (17 GR, 15 CG, and 4 GRCG neurons). Importantly, there were no significant differences in the activation latencies between alert and anesthetized animals for GR, CG, and GRCG neurons ( p ϭ 0.1-0.4, t tests).
Consistent with past results (Bullier and Henry, 1980) , spike propagation in the geniculocortical pathway was fast, as the mean orthodromic latency among GR neurons was 4.0 Ϯ 0.2 ms (Fig.  3A, dashed line) . Orthodromic latencies for GRCG neurons were similar with an average latency of 4.2 Ϯ 0.4 ms ( p ϭ 0.3, t test) (Fig. 3A) , suggesting that LGN input directed to layers 4 and 6 follow a similar time course.
Antidromic latencies of CG neurons showed greater diversity (Fig. 3B) . Although the mean antidromic latency of CG neurons was significantly greater than the mean orthodromic latency of GR neurons (9.5 Ϯ 1.7 vs 4.0 Ϯ 0.2 ms, respectively; p Ͻ 0.002, t test) (Fig. 3 A, B, dashed lines) , most CG neurons responded with short latencies. Notably, 21 of 35 CG and GRCG neurons (60%) in our sample had antidromic latencies that were as fast as the orthodromic latencies measured from GR neurons. Interestingly, although the distribution of antidromic latencies of GRCG and CG neurons are partially overlapping, the antidromic latencies among GRCG neurons are significantly shorter than those for the remaining CG neurons (5.1 Ϯ 1.3 vs 11.1 Ϯ 2.3 ms, respectively; p ϭ 0.01, t test) (Fig. 3B ). This suggests that GRCG neurons represent a distinct subclass of CG neurons, exhibiting fast orthodromic and antidromic latencies. Figure 3C shows the distribution of orthodromic plus antidromic latencies for GRCG neurons. On average, the time required for spikes traveling in the reciprocal pathway from the LGN to GRCG neurons and back to the LGN was 9.3 Ϯ 1.6 ms.
Given the diversity of conduction latencies among the feedback axons in our sample of CG neurons, we next asked whether there is a relationship between feedback latency and visual physiology. Using drifting grating stimuli, we found a range of f1: mean values with 13 of 17 neurons having values Ͻ1.0, indicating that complex cells represent the majority of neurons in our sample (Fig. 4 A) . Hartigan's dip test revealed that the sample was not multimodal ( p ϭ 0.98). Nevertheless, the antidromic latencies of neurons with f1:mean values Ͼ1.0 were significantly greater than those with values Ͻ1.0 (12.4 Ϯ 2.9 vs 5.5 Ϯ 0.9 ms; p ϭ 0.03, t test). There was also a significant relationship between the antidromic latency and f1:mean response (Fig. 4A ) (R 2 ϭ 0.83; p Ͻ Ͻ 0.001). To determine how quickly signals can propagate to V1 and back to the LGN after the onset of a visual stimulus, we measured the visual response latency of neurons with f1:mean values Ͻ1.0. This sample included both CG and GRCG neurons. The visually evoked responses of a representative CG and GRCG neuron are shown in Figure 4 , B and C. The firing rate of these neurons reached 50% of maximum response at 39 and 32 ms after stimulus onset (dashed lines). Across 11 GRCG and CG neurons, the This neuron reliably fired spikes at a latency of 2.9 ms after LGN stimulation in noncollision and collision trials. B, Responses of a CG neuron. This neuron had a latency of 13.7 ms in noncollision trials, but failed to fire spikes in collision trials. C, Responses of a GRCG neuron. This neuron fired two spikes at 1.6 and 2.8 ms in noncollision trials, but only one spike at 2.6 ms in collision trials. mean latency to reach 50% of maximum response was 47.2 Ϯ 3.5 ms (Fig. 4 D, inset) (range, 32-63 ms) . By combining the visual response latency of these corticogeniculate neurons with the latency they require to conduct spikes back to the LGN (mean 5.3 Ϯ 1.0 ms), we determined that corticogeniculate neurons can deliver feedback signals to the LGN as early as 37 ms after visual stimulus presentation (mean, 52.5 Ϯ 3.8 ms) (Fig. 4 D) .
Discussion
Corticogeniculate neurons are in a strategic position to influence the processing of visual information as they give rise to axons that terminate both in the LGN and the layers of V1 that receive LGN input. Here, we provide the first report of the timing and visual physiology of corticogeniculate feedback in the primate. Our results reveal a subclass of corticogeniculate neurons that receives direct, suprathreshold input from the LGN and gives rise to feedback that is significantly faster than other corticogeniculate neurons. We also demonstrate that corticogeniculate feedback signals are delivered back to the LGN within ϳ50 ms (range, 37-72 ms) of the onset of a visual stimulus.
Functional diversity of corticogeniculate neurons and implications for fast feedback
Past studies in cats, ferrets, and rabbits have subdivided corticogeniculate neurons on the basis of antidromic activation latency (Tsumoto and Suda, 1980; Swadlow and Weyand, 1987; Briggs and Usrey, 2005) and/or visual responses (Tsumoto and Suda, 1980; Greive and Sillito, 1995; Hirsch et al., 1998) . Our results from the monkey support the view that there are functionally distinct groups of corticogeniculate neurons. Consistent with results from cat and ferret (Tsumoto and Suda, 1980; Briggs and Usrey, 2005) , we find a broad distribution of antidromic activation latencies and a significant relationship between latency and cell classification: corticogeniculate neurons with fast conducting axons are complex cells whereas those with slower axons tend to be simple cells. In addition, we show that corticogeniculate neurons can be grouped according to whether or not they receive direct, suprathreshold input from the LGN.
Although corticogeniculate axons are the single greatest source of synaptic input to the LGN, it is generally agreed that these axons have a modulatory, rather than driving, influence on LGN neurons (Guillery, 1969; Erisir et al., 1997; Crick and Koch, 1998; Sherman and Guillery, 1998) . This modulatory influence need not be slow or follow a long time course, as results from the present study show that a subset of corticogeniculate neurons has axons with short conduction latencies. In addition, corticogeniculate synapses evoke postsynaptic currents that are mediated both by ionotropic and metabotropic glutamate receptors, suggesting that postsynaptic responses can be both fast and brief or longer lasting (Scharfman et al., 1990; McCormick and von Krosigk, 1992; Godwin et al., 1996a,b; von Krosigk et al., 1999) .
Several functions for corticogeniculate feedback have been suggested over the years, including (1) sharpening the receptive fields of LGN neurons (Murphy and Sillito, 1987; Sillito and Jones, 2002; Webb et al., 2002) , (2) adjusting the gain or timing of LGN responses (Molotchnikoff et al., 1984; Gulyas et al., 1990; Funke et al., 1996; Rao and Ballard, 1999; Przybyszewski et al., 2000) , (3) shifting geniculate neurons between burst and tonic modes of firing (Sherman, 1996) , and (4) increasing the correlated activity of LGN neurons (Sillito et al., 1994) . Given the diversity of conduction latencies and response properties of corticogeniculate neurons, it seems likely that corticogeniculate neurons with different phenotypes contribute to different aspects of visual processing. Along these lines, because the subclass of corticogeniculate neurons that receive suprathreshold LGN input have short orthodromic and antidromic latencies, these neurons would seem particularly well suited for exerting an influence on the temporal properties of LGN responses.
Identifying corticogeniculate neurons and geniculocortical recipient neurons
We identified corticogeniculate neurons using electrical stimulation and a collision test. To reduce the possibility that we inadvertently excited cortical neurons with axons projecting to other subcortical targets, we placed stimulating electrodes in retinotopic register with cortical electrodes (to minimize stimulation parameters) and anatomically verified that cortical recordings were restricted to layer 6, the only layer to contain corticogeniculate neurons Hendrickson et al., 1978; Fitzpatrick et al., 1994) .
We also used electrical stimulation to identify cortical neurons that receive input from the LGN. Although, in principle, cortical neurons could be driven by collaterals of antidromically activated corticogeniculate neurons, we believe the input recipient neurons in our sample were not collaterally driven. First, previous studies report that collateral activation of postsynaptic neurons requires higher-frequency stimulation than that used in this study (Ͼ7 Hz compared with Ͻ0.3 Hz) (Ferster and Lindstrom, 1985) . Second, unlike the reliable responses to stimulation that we measured, collateral activation does not reliably drive postsynaptic spikes (Ferster and Lindstrom, 1985) . Third, compared with the synaptic currents associated with LGN input to layer 4 neurons, synaptic currents from the collaterals of layer 6 neurons are relatively small and inconsistent with the responses we observed (Stratford et al., 1996) . Given these constraints, it seems unlikely that we have mislabeled the geniculocortical recipient neurons in our sample.
Concluding remarks
Few pathways in the brain are as prominent, yet poorly understood, as the corticothalamic feedback pathway (for review, see Alitto and Usrey, 2003; Briggs and Usrey, 2007) . Here, we have shown that corticogeniculate neurons in the macaque monkey are a diverse group of neurons that display a wide range of axonal conduction latencies. Within this group, we have identified a special subclass of corticogeniculate neurons that receives direct, suprathreshold input from the LGN. Thus, with a single synapse, these neurons bring together the feedforward and feedback pathways. By taking into account the visual response latency and conduction latency of corticogeniculate neurons, we estimate that their axons can deliver feedback signals to the LGN within ϳ50 ms of the presentation of a visual stimulus. In addition, the combined orthodromic and antidromic activation latency of these neurons is short, Ͻ10 ms. Because the time course of visual responses in both the LGN and V1 typically exceeds this value (Maunsell and Gibson, 1992) , the evolution of visual responses in both structures is likely influenced by fast conducting corticogeniculate neurons. These results underscore the view that the feedforward and feedback pathways should not be viewed in isolation, but rather as members of a dynamic reciprocal circuit interconnecting the thalamus and cerebral cortex.
